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Reduction of arsenate As(V) and As-bearing Fe (hydr)-
oxides have been proposed as dominant pathways of As
release within soils and aquifers. Here we examine As elution
from columns loaded with ferrihydrite-coated sand
presorbed with As(V) or As(lll) at circumneutral pH upon
Fe and/or As reduction; biotic stimulated reduction is then
compared to abiotic elution. Columns were inoculated
with Shewanella putrefaciens strain CN-32 or Sulfurospirillum
barnesii strain SES-3, organisms capable of As(V) and Fe-
(I1) reduction, or Bacillus benzoevorans strain HT-1, an
organism capable of As(V) but not Fe(lll) reduction. On the
basis of equal surface coverages, As(lll) elution from
abiotic columns exceeded As(V) elution by a factor of 2;
thus, As(lll) is more readily released from ferrihydrite under
the imposed reaction conditions. Biologically mediated As-
reduction induced by B. benzoevorans enhances the
release of total As relative to As(V) under abiotic conditions.
However, under Fe reducing conditions invoked by

either S. barnesii or S. putrefaciens, approximately three
times more As (V or Ill) was retained within column solids
relative to the abiotic experiments, despite appreciable
decreases in surface area due to biotransformation of solid
phases. Enhanced As sequestration upon ferrihydrite
reduction is consistent with adsorption or incorporation of
As into biotransformed solids. Our observations indicate
that As retention and release from Fe (hydr)oxide(s) is
controlled by complex pathways of Fe biotransformation
and that reductive dissolution of As-bearing ferrihydrite can
promote As sequestration rather than desorption under
conditions examined here.

Introduction

Arsenic is a toxic metalloid widely distributed in the earth’s
crust thatis adversely impacting human health globally, most
notably in Southeast Asia. Prolonged exposure may lead to
chronic arsenic toxicosis, a condition encapsulating a variety
of diseases including skin lesions and various cancers. In
Bangladesh alone, over 57 million people as of 2003 were
exposed through regular ingestion of drinking water con-
taining As concentrations in excess of WHO and U.S. drinking
water standards of 10 ug L' (I).
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The common valence states of As found in natural waters,
As(V) and As(I1D), exist as arsenate (As(V), as HAsO,%) and
arsenite (As(III), typically as H3AsO;). Arsenic mobility is
generally considered to be mediated by ligand exchange and
reduction—oxidation (redox) reactions (2). Release (desorp-
tion) of As during the onset of reducing conditions and
ensuing reductive dissolution of As-bearing Fe (hydr)oxides
is generally ascribed as the dominant means of displacement
from the solid phase (3—5). This hypothesis is often supported
by correlations between As and oxalate (solid phase) extract-
able Fe(II) in contaminated aquifer sediments as well as
correlations between Fe(II) and soluble As in well waters (3,
4.

Iron (hydr)oxides retain both As(V) and As(II) (8) and
thus often control the dissolved concentration of this element
in soils (2). Specific soil/sediment conditions, such as pH
and competing adsorbates (6, 7), along with solid properties,
such as surface area, may govern the As binding capacities
of iron (hydr)oxides. Thus, dissolution and transformation
of the iron (hydr)oxides will impart a pronounced effect on
As partitioning. Ferrihydrite, a short-range order material
common in soils and sediments, is transformed to lower
surface area minerals such as goethite and magnetite in the
presence of aqueous Fe(Il) (8, 9). Thus, iron reduction should
be expected to induce As release (desorption) from sediments
as Fe(Ill) (hydr)oxides dissolve or are transformed to lower
surface area minerals.

The relative binding affinity of As(III) and As(V) for soil
and sediment solids may vary, and thus transformations
between these species may also govern the mobility of As.
Arsenic(IIl) binds to Fe(IIl) (hydr)oxides more extensively
than As(V) under circumneutral conditions (6), but As(III)
was contrarily shown to be more mobile under flow condi-
tions than As(V) (10). Although As redox transformations may
be influenced by abiotic reactions, microorganisms appear
to commonly dominate the redox chemistry of As and are
capable of reducing As(V) in solution or adsorbed on the
surfaces of Fe and Al (hydr)oxides (11). Indeed, many
organisms have been isolated that transform As either
through respiratory and/or detoxification pathways (12, 13).
Isolated organisms include Sulfospirillum barnesii strain SES-
3, a Gram negative vibrio capable of respiring on Fe(III) and
As(V) (14), and Shewanella putrefaciens strain CN-32, a Gram
negative rod also capable of Fe(IIl) respiration (15) and
recently identified as capable of respiring on As(V) (16).
Although these organisms are capable of both Fe(III) and
As(V) reduction, other organisms, such as the Gram positive
rod Bacillus benzoevorans strain HT-1, lack the ability to
reduce Fe(III) but reduce (and likely respire on) As(V) (17).

The growing number of isolated bacteria with known
metabolisms makes it possible to manipulate biologically
induced chemical conditions within model systems in order
to deduce principal mechanisms responsible for As release
from the solid phase. Therefore, the objectives of our study
were to (1) examine the desorption of As from ferrihydrite-
coated quartz sand under As and/or Fe reducing conditions
and (2) identify the specific processes controlling As release
(or retention). Here we observe that As is retained within
column solids under Fe reducing conditions and that within
our system As reduction mobilizes As to a greater degree
than the dissolution of ferrihydrite.

Materials and Methods

Column Experiments. Arsenic elution was observed from a
suite of columns containing As presorbed to ferrihydrite
coated quartz sand. Ferrihydrite was synthesized (18),
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centrifuged, and rinsed with doubly deionized (DDI) water.
Ferrihydrite was then mixed with quartz sand (8), dried, and
resuspended into an artificial groundwater solution (pH 7.2)
containing 2.7 mM KCI, 0.6 mM MgSO,, 7.9 mM NaCl, 0.2
uMNH,CI, 0.4 mM CaCly, 3.7 mM NaHCO3, 0.1 mLL~! Wolfe’s
Minerals, 1 mM sodium lactate, and 10 mM PIPES buffer.
The final loading of ferrihydrite on quartz sand was ap-
proximately 10 g kg™!. Phosphate was presorbed to the
ferrihydrite coated quartz sand at a loading of 1 mg kg~! to
facilitate microbial growth. After equilibration for 3 d, the
phosphate solution was decanted and soluble As(III) or As-
(V) was added to achieve the desired As surface coverage
based on adsorption isotherms (19). For columns containing
As(V), coverages of 10, 30, and 50% of the adsorption
maximum were used, corresponding to solid concentrations
of approximately 80, 200, and 400 mgkg™! (As on ferrihydrite
coated quartz sand). For columns using As(Ill), a 50%
coverage was used, corresponding to 800 mg kg~!. After a 3
dreaction period, the As-bearing solution was decanted, and
the As-ferrihydrite-quartz slurry was rinsed several times with
fresh simulated groundwater.

Shewanella putrefaciens (CN-32), Sulfurospirillum bar-
nesii (SES-3), and Bacillus benzoevorans (HT-1) were grown
to late-exponential phase. S. putrefaciens was grown for 12
h under aerobic conditions in tryptic soy broth at 25 °C; S.
barnesii and B. benzoevorans were cultured for 3 d in the
media SeFrl under anaerobic conditions (19). All microbial
species were centrifuged and resuspended in groundwater
several times before addition to the As-mineral slurry. They
were then mixed under anaerobic conditions into the As-
mineral slurry to achieve an initial cell loading of ~108—-10°
cellsg™!. The slurry was then loaded into 25 cm long columns
with a radius of 3.8 cm. Artificial groundwater solution was
delivered to the column(s) at a rate of 1 pore volume d~'.

After being passed through a 0.22 um filter, effluent
concentrations of Fe and As were measured as a function of
time using inductively coupled plasma atomic emission
spectrometry (ICP-AES), with a detection limit of 2.67 uM.
Samples with low (<7 uM) As were also analyzed using
hydride generation (HG-ICP-AES), which achieved a detec-
tion limit of 93 nM As. Lactate and acetate were analyzed by
ion chromatography (As6 column, Dionex Corp.), and
selected samples were analyzed for As(V) and As(IIl) using
ion chromatographic separation with HG-ICP-AES detection
(20).

Columns were typically eluted for 25 to 30 d; upon the
termination of flow, solid phases were harvested at regular
spatial intervals. All column experiments as well as initial
column preparation procedures were carried out in an
anaerobic glovebag (95% Nz, 5% Hy). Reacted solid phases
were dried and analyzed for surface area, total As, Fe(II), and
total Fe; a subset of the solid (untreated) was saved for
subsequent X-ray absorption spectroscopic (XAS) analysis.
Iron(II) concentrations from 6 M HCl digests were measured
using the ferrozine method (21).

Cell counts were performed both at the beginning and
end of experimentation by resuspending solids in pyro-
phosphate, mixing, and fixing with glutaraldehyde. Cells were
stained with 4',6-diamidino-2-phenylindole (DAPI) and
counted using epiflourescence microscopy.

Batch Desorption of As from Ferrihydrite Coated Sand.
Experiments were conducted to determine the effect of
dissolved aqueous constituents and cellular components on
As desorption from ferrihydrite coated sands under batch
conditions. Approximately 2 g of As(III) or As(V) sorbed (20%
surface coverage) on ferrihydrite coated sands were added
to 50 mL of artificial groundwater. Lactate, NaHCOs, and
FeCl; (all 1 mM) were added to elucidate their effects on As
desorption. Separate batch experiments containing y-ir-
radiated (2 MRad, 10° cells g') cells of S. barnesii and 2 g
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of As(II) or As(V) sorbed ferrihydrite coated sand were
performed to examine the effect of cellular components on
As release from the coated sands. All samples were placed
on an orbital shaker at 100 rpm; at 18 h, 2.0 mL of solution
were removed from the bottles, filtered (0.2 um), and acidified
with 0.1 M HCI for As and Fe analysis.

Solid-Phase Analysis. Arsenic local structure for a subset
of column samples was determined using XAS analysis at
the Advanced Photon Source. Extended X-ray absorption
fine structure (EXAFS) spectra were obtained on beamline
13-BM using an unfocused beam and a Si(111) crystal
monochromator. X-ray fluorescence was measured using a
13 element Ge detector. Spectra were collected from —150
to 867 eV relative to the As K edge of 11 867 eV; energy
calibration was achieved via scanning dilute NazAsO, after
every third sample and setting the first derivative inflection
point to 11 874 eV. Iron EXAFS spectra were collected at
beamline 11-2 at the Stanford Synchrotron Radiation Labo-
ratory. A double crystal Si(220) monochromator was used
for energy selection. Scans were conducted from 100 eV below
to 1000 eV above the Fe K-edge at 7111 eV.

Both As and Fe fluorescence spectra were averaged and
normalized to unity using the XAS data reduction software
SIXPACK (22). SIXPACK/IFEFFIT algorithms were used to
isolate backscattering contributions by subtracting a spline
function from the EXAFS data region. The resulting function
was then converted from units of eV to A1, weighted by i3,
and windowed from 3 to 14 A~!. Linear combination of model
compounds was performed to reconstruct unknown spectra;
no more than four standards were varied at a time, and Fe-
(I)-phases were constrained to obtain mass balance (within
5%) with extractable Fe(Il). Model compound (standards)
contributions were deemed significant if their mole percent-
age was greater than 10%, albeit that we could reproduce
magnetite in mixed standards to a level of 5%. Ferrihydrite,
magnetite, and goethite were first fit to unknown spectra
with arbitrary initial values. Other model compounds for
linear combination Fe EXAFS fitting included ferrihydrite
sorbed to quartz sand, green rust-chloride, green-rust sulfate,
green-rust carbonate, hematite, lepidocrocite, synthetic and
natural siderite, vivianite, and amorphous FeS. Model
compounds used in As EXAFS linear combination fitting
included NasAsO,, NaAsO,, HAsO,* (aq), As(OH)s(aq), As-
(ITN) sorbed to ferrihydrite, As(V) sorbed to ferrihydrite,
scorodite, orpiment, realgar, and arsenopyrite. Arsenic linear
combination fitting was identical to that used with Fe. Model
spectra of As(IIl) and As(V) (50% coverage) sorbed to
ferrihydrite were used as initial components during fitting,
and other components were tested thereafter.

To quantify Fe(II)-As(III) precipitates potentially occurring
within column experiments, a fresh Fe(II)-As(III) precipitate
was examined with Fe and As XAS. The solid was prepared
by slowly (over several minutes) adding 1 mM Fe(II) to 1 mM
As(Il) at 25 °C, buffered at pH 7.2 with either PIPES or
bicarbonate. The resulting solid phase was then deposited
on a filter, rinsed with DI water, dried, and sealed in Kapton
tape. Iron and As XAS analysis were performed on the solid
phase as described above and used as a model compound
in Felinear combination fitting. Both Fe and As local structure
(not shown) were similar to that recently described by Thoral
et al. (23).

Results

Arsenic Release from Ferrihydrite Coated Sands. Arsenic
eluted at variable rates from columns, depending on As
speciation and the presence of bacteria capable of respiring
on Fe and/or As. Upon initiation of artificial groundwater
flow, greater quantities of As(III), rather than As(V), elute
from abiotic columns possessing a 50% initial surface
coverage (Figure 1, Table 1). In fact, more than four times
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FIGURE 1. (A) Arsenic elution from abiotic and biotic (S. putrefaciens) columns initially containing As(lll)-ferrihydrite-quartz (closed
symbols), soluble Fe elution from the As(lll)-S. putrefaciens column (open circles). Error bars represent standard error from duplicate
measurement of abiotic column samples. (B) Arsenic elution from abiotic and biotic (S putrefaciens and S. barnessii) columns initially
containing As(V)-ferrihydrite-quartz (closed symbols) and iron elution from the As(V)-S. putrefaciens column (open circles). Arsenic elution
from a biotic column containing B. benzoevorans (HT-1) initially containing As(V)-ferrihydrite-quartz is plotted on both graphs for comparison.
Experimental conditions for all columns: 50% As surface coverage (with the exception of the S. barnesii column, 30% As(V) coverage)

and flow rate of 1 pore vol. d™' of artificial groundwater.

TABLE 1. Bacterial Characteristics, Solid-Phase Chemistry and Sorhed Species, and Elution of As from Column Experiments.

e- acceptor initial Fe loading, inital As loading, surface As eluted percent initial cell final cell
bacteria used in _ mg kg™ pmol kg™! coverage? at25d initial As counts counts
column expts As(V) Fe(lll) (mmol column~') (zmol column~) (%) (pmol) eluted (25 d) (cells/g) (cells/g)
abiotic 6885 (24.7) 5500 (1237) 50 As(V) 131 11
abiotic 9505 (34.0) 10117 (2276) 50 As(lll) 508 22
S. putrefaciens + + 4895 (17.5) 5779 (1300) 50 As(V) 47 4 2.5E8 2.3E7
S. putrefaciens + + 5942 (21.3) 11866 (2670) 50 As(lll) 196 7 1.7E9 5.9E8
S. barnesii + + 3973 (14.2) 2682 (604) 30 As(V) 45 7 1.7E9 1.0E8
S. barnesii + + 5290 (18.9) 1081 (243) 10 As(V) 0.002 <0.001 1.1E9 7.5E7
B. benzoevorans + - 3565 (12.7) 6433 (1448) 50 As(V) 114 8 3.9E8 5.3E7

2 Surface coverage determined using the Langmuir isotherm adsorption maxima (79).

the cumulative amount of As(III) (508 umol) elute as
compared to As(V) (131 umol). Owing to the variation in
initial surface coverage, 22% of the total As(IIl) is released
as compared to 11% for As(V) (Table 1).

Surprisingly, under Fe reducing conditions invoked by S.
putrefaciens, over three times more As is retained, not
released, within a column initially loaded with As(II) as
compared to an abiotic (control) column (Figure 1, Table 1).
After 1 d, As effluent concentrations from the As(III)-S.
putrefaciens column are less than half of the abiotic control.
The decrease in effluent As concentration from the As(IID)-S.
putrefaciens column coincides with the production of Fe(II)
(Figure 1). Ferrous iron concentrations exceed 100 M after
6 d, eventually rising to a peak concentration of 300 xM at
13 d and falling below 50 uM after 22 d (Figure 1A). Although
less dramatic, As elution also decreased during combined Fe
and As(V) reduction relative to an abiotic column loaded
with As(V) (Figure 1B). About three times as much As eluted
from the abiotic control (a total of 131 umol As or 11% of
total column As) compared to the As(V)-S. putrefaciens
column (47 umol As or 4% of total column As) (Table 1);
Fe(Il) concentrations within the biotic column peak at
approximately 100 M. Arsenic release from ferrihydrite
coated sands with As(V) and S. barnesii yield nearly indis-
tinguishable results with S. putrefaciens (Figure 1). Addition-
ally, As(III) is the only species detected in the porewater after
2 d and is the dominant species present in the solid phase
upon column breakdown (25—30 d). At lower As coverage
(10% of adsorption maximum), ferrihydrite is extensively
biotransformed (Table 2), and Fe(II) concentrations peaked
at nearly 600 uM (Table 1; Figure S3). Although column

effluent concentrations of As were detectable over the first
several days, they decreased as a function of time from 300
nM to 60 nM (1 and 4 d, respectively). After this time, As
effluent concentrations are below the detection limit. Less
than 0.001% of the total column As eluted, indicating As is
retained despite (or as a result of) extensive iron transforma-
tion.

Relative to the abiotic As(V) column (Figure 1), As
desorption increases as a result of As(V) reduction by B.
benzoevorans (HT-1) (initial coverage of 50% adsorption
maximum). Arsenic effluent concentrations initially mimic
abiotic elution of As(V) (Figure 1) and then increase as a
function of time. This pattern of elution is explained by the
reduction of As(V) to As(IlI) and subsequent As desorption—
after 2 d, less than 1% of the effluent As remained in the
pentavalent state. Concentrations of As do not reach those
of comparable abiotic column since (i) 50% initial coverage
of As(V) is approximately half that of a 50% As(III) coverage
and (ii) As(IIl) is progressively generated.

Batch Desorption of As from Ferrihydrite-Coated Sands.
In batch experiments, approximately 30—45% of either As-
(V) or As(III) desorb upon addition of artificial groundwater
(control), 1 mM bicarbonate, or 1 mM lactate (Figure 2).
Compared to the control (groundwater addition only), lactate
and bicarbonate addition do not impact As(V) or As(IIl)
desorption. The addition of 1 mM Fe(II), in contrast, decreases
the amount of As(V) desorption (i.e., it increases retention)
by a factor of 3. Ferrous-Fe also decreases the desorption of
As(IID), although to a lesser extent than for As(V) (Figure 2).
Simultaneous addition of Fe(II), lactate, and bicarbonate
results in desorption similar to the Fe(Il) treatment. Darken-
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TABLE 2. Column Solid-Phase Characteristics®?

dominant iron
mineralogy’(mol %)

distance Fe(T)° Fe(ll)¢ As(T)¢ As(lll): surface area®
from inlet (cm) (mg kg~") (mg kg~") (mg kg~") As(V)? (m?2g™) ferrihydrite magnetite
Abiotic Column with As(Ill)
start 9505 (882) 758 (80) 100:0
15—20 6004 (1902) 381(118)
10—-15 7040 (894) 375 (49)
5—10 7353 (31) 281 (10)
0-5 7010 (914) 146 (50)
Abiotic Column with As(V)
start 6885 (971) 412 (105) 0:100
15—-20 6515 (544) 365 (40)
10—-15 7549 (1066) 411 (69)
5—-10 6042 (469) 274 (21)
0-5 5704 (723) 221 (44)
Column with CN-32 and As(V)
start 4895 (95) 433 (20) 0:100 3.18 100
15-20 4818 (51) 89 (15) 396 (12) 43:57 1.88 91 9
10—15 4793 (59) 86 (11) 405 (11) 35:65 1.65 93 7
5-10 4521 (128) 68 (12) 353 (13) 19:81 1.68 90 10
0-5 4805 (56) 134 (29) 314 (25) 49:51 1.89 91 9
Column with CN-32 and As(lll)
start 5942 (101) 889 (29) 100:0 3.31 100
15—20 5954 (189) 275 (39) 1047 (51) 2.01 89 11
10—-15 6066 (145) 320 (46) 904 (23) 2.25 85 15
5—10 5838 (314) 217 (16) 905 (21) 2.23 89 11
0-5 5979 (94) 219 (22) 596 (13) 2.41 90 10
Column with SES-3 and As(V) (30% As Surface Coverage)
start 3973 201 0:100
15—20 2692 827 64 41:59
10—-15 2514 823 161 43:57
5—-10 2340 687 149
0-5 2756 53 94 26:74
Column with SES-3 and As(V) (10% As Surface Coverage)
start 5290 (79) 81(2) 0:100
20—24 5345 (88) 1131 (128) 63 (1) 78:22
16—20 5426 (113) 1259 (38) 66 (10)
12—-16 5460 (84) 1182 (123) 93 (16) 76:24
8—12 5087 (3) 1165 (66) 74 (16)
4—-8 4496 (186) 1053 (52) 68 (7) 64:36
0—-4 4240 (108) 1091 (10) 58 (6)
Column with HT-1 and As(V)
start 3472 (17) 482 (129) 100:0
16—20 3565 (64) 307 (6)
12—-16 3486 (15) 308 (9)
8—-12 3573 (250) 332 (19)
4-8 3463 (18) 282 (34)
0—4 3200 (496) 167 (29)

a Arsenic surface coverages were 50% of maximum (see text) unless otherwise noted. ? Values in parentheses represent standard error from
triplicate digestions. ¢ Fe(T), Fe(ll), and As(T) values were determined from HCl extraction and ICP/ferrozine analysis. ¢ Determined with As EXAFS
linear combination fitting. ¢ Standard error of BET method was less than +-0.06 m2g~"for all samples. f Determined with Fe EXAFS linear combination

fitting.

ing of the ferrihydrite illustrates mineralogical changes upon
Fe(Il) addition, with ~20% of the added Fe(II) being sorbed.

The same series of batch experiments was conducted with
killed S. barnesii cells to examine the effect of cellular
components on As desorption (Figure 2). Once again, Fe(Il)
addition (by itself or concomitant with lactate and bicarbon-
ate addition) limits (rather than promotes) As(V) and As(III)
desorption from the solid phase, whereas lactate addition
does not have an appreciable effect on As desorption.
Bicarbonate addition in the presence of killed cells appears
to enhance As retention. However, a small amount of Fe(II)
is generated in this control, likely from residual Fe(IIl)
reductase activity in lysed cells, and may enhance retention
similar to 1 mM Fe(II) additions.

Solid Phase and As Transformations. Ferrihydrite is
partially transformed to magnetite in all columns containing
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S. putrefaciens (Figure 3, Table 2). Ferrous iron is known to
induce the solid-phase transformation of ferrihydrite to
magnetite and goethite (8, 9), although goethite is not
detected in any of our columns. The least amount of
transformation occurs in columns containing As(V), and the
most extensive transformation occurs in the column con-
taining As(III), albeit that the differences in transformation,
based on ferrihydrite conversion to magnetite, are minimal
(Table 2). Paralleling the ripening of ferrihydrite to magnetite
is an overall decrease in surface area. The surface area of
ferrihydrite coated sand was initially 3.18 (As(V) column)
and 3.31 m?g! (As(Il]) column), but it decreases to an average
value of 1.78 (As(V) column) and 2.23 m? g~! (As(I1I) column)
at the end of experimentation (Table 2).

Upon breakdown of biotic experiments, substantial solid
phase associated As(III) is detected (Table 2 and Supporting
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FIGURE 2. (A) Arsenic desorption and Fe concentration as a function of artificial groundwater (control), Fe(ll), bicarbonate, and lactate
addition to batch experiments containing 2 g of As(V)- or As(lll)-ferrihydrite-quartz (20% coverage, see text). Concentrations of bicarbonate,
lactate, and Fe(ll) were 1 mM. (B) Arsenic desorption and Fe concentration in identical batch experiments with the addition of -irradiated
(killed) S. barnesii to all treatments (10° cells g~' As-ferrihydrite-quartz).

Information, Figure S4), even for columns initially loaded
with As(V). Within the abiotic columns, As(V) is retained to
a greater extent than As(IIl) (11% elution vs 22% elution,
Table 1). Similarly, among biotic columns having 50% As
coverage, the greatest extent of As retention occurs within
those initially loaded with As(V) (Figure 1B, Table 1), even
though much of the As(V) is reduced to As(III) by the end of
the experiment (Table 1). Within the As(II) columns, solid-
phase extracts and speciation of As within the starting and
bioreacted materials confirmed As(III) as the sole species.

Discussion

Under anaerobic soil or sediment conditions, Fe(IIT) (hydr)-
oxides undergo reductive dissolution, releasing Fe(II) to
solution which in turn may induce the transformation of
less thermodynamically favorable phases, such as ferrihydrite,
to more thermodynamically stable minerals such as goethite
and magnetite that often (coincidentally) possess lower
surface areas (9, 24). Intuitively, As may be released during
these transformations owing to the dissolution (noted by
production of Fe(I)) and decrease in surface area of Fe
phases. However, this suite of experiments indicates As is
retained, relative to abiotic controls, in ferrihydrite columns
undergoing iron reduction where both reductive dissolution
and an overall decrease in surface area occur.

Speciation Effects and Retention Mechanisms. Arsenic-
(II) elution is greater than that of As(V) in abiotic columns
by a factor of 2 based on the proportion of initial As eluted
after 25 d (Table 1). About twice as much As(III) sorbs to
ferrihydrite coated sand than As(V) at 50% surface coverage.
Therefore, As(V) is expected to elute at a greater rate and
extent than As(III) if it is assumed that the extent of surface
coverage is proportional to binding strength (i.e., binding
strength is proportional to the amount of As sorbed at a
particular surface coverage; in this case, 50% of the maximum
coverage for each species). However, in this case, binding
strength (as noted by desorption rate) does not apparently
correlate with extent of adsorption. Unfortunately, X-ray
techniques used to determine inner-sphere coordination

environments are not always sensitive to potentially labile,
outer-sphere complexes, which are possibly more sensitive
to perturbations in aqueous concentrations (flow conditions).

The effect of As(V) reduction to As(III) on desorption is
pronounced in the column experiment inoculated with B.
benzoevorans (Figure 1). Elution of As first appears similar
to the abiotic column containing As(V), but then eluent As
concentration increases as As(V) is reduced and As(III)
dominates the dissolved phase (99% of porewater As is As-
(IT) at times greater than 2 d). Although total As elution from
the abiotic As(V) column surpassed the As(V)-B. benzoevorans
column (Table 1), effluent As concentrations at the end of
experiment are appreciably greater from the As(V)-B. ben-
zoevorans column (Figure 1); thus, As reduction leads to
increased desorption and subsequent elution. This experi-
ment also illustrates that cellular matter did not enhance As
retention since As desorption increases during microbially
driven As(V) reduction compared to the abiotic As(V) column.
Similarly, arsenic desorption is not appreciably affected by
the addition of killed S. barnesii cells (Figure 2) in batch
experiments (not containing Fe(I)), relative to controls
containing only groundwater and As sorbed to ferrihydrite.

Upon initiation of iron reduction, both As(III) and As(V)
areretained relative to abiotic columns (Figure 1). Enhanced
As retention occurs during iron reduction irrespective of
initial As speciation, although the greatest relative difference
(in terms of quantity of As retained during iron reduction
compared to As retained in abiotic controls) occurs with
concurrent As(V) reduction. The pronounced decrease in
As(III) elution (increased As retention) under iron reducing
conditions is striking, mainly because As(III) elutes to a much
greater extent from the abiotic column. Ferrous iron also
increases As(III) retention within batch experiments (which
contain ferrihydrite), in contrast to other studies which have
implicated Fe(II) in As desorption from (natural) Fe (hydr)-
oxides (25). However, As(V) is retained to a greater extent
than As(IIl) in the presence of cellular material and Fe(II)
(Figure 2), again illustrating that a retention mechanism
involving Fe(II) is not necessarily limited to As(III) production.
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FIGURE 3. Least-squares fits (dotted lines) to experimental i
weighted Fe-EXAFS spectra (solid lines) obtained for solids (column
section lengths given in cm) from columns initially containing (A)
As(lll)-ferrihydrite-quartz and S. putrefaciens and (B) As(V)-
ferrihydrite-quartz and S. putrefaciens.

Amine groups are thought to play a role in As(V) adsorption
to humic acids (26), and cations may enhance adsorption of
As(V) to humic acids by acting as bridging compounds (27).
Artificial groundwater constituents and Fe(Il) may enhance
As(V) binding to cellular matter in our experiments. Overall,
the plethora of functional groups present in cells appear to
be a potential sink of As(V) within bioreacting columns, but,
in contrast, As(IIl) retention is not increased by cellular
matter. Thus, enhanced retention of As within columns,
dominantly as As(III), cannot be solely explained by adsorp-
tion to cells and cellular matter.

Solid-Phase Precipitation and Transformation Influ-
encing As Solubility. Although appreciable concentrations
of Fe(Il) and magnetite formed within our column solids,
neither was as extensive as in previous work under similar
experimental conditions but without As (8, 9). Both oxyanions
of As poison the ripening of ferrihydrite to lepidocrocite or
goethite. Additionally, As, as either As(V) or As(III), depresses
the Fe(II) concentration (extent of iron reduction) and thereby
depresses magnetite formation. High As concentrations may
induce a toxic effect upon basal metabolic pathways, such
as substrate-level phosphorylation, or inhibit sulfhydryl-
bearing enzymes, thus potentially slowing the biogenic
production of Fe(Il). However, lactate oxidation (see the
Supporting Information, Figures S1 and S2) indicates that
metabolic activity was sustained upon As addition. Thus, it
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is likely that arsenic oxyanions alter the surface chemistry of
ferrihydrite sufficiently to decrease dissimilatory Fe(III)
reduction.

Enhanced retention of arsenic noted upon reductive
transformation of ferrihydrite may result from either the
formation of an Fe(I)-As(IIl) precipitate (23) or via incor-
poration of As in or on secondary precipitates. We were
unable to detect an Fe(II)-As(III) solid phase in the reaction
products, however, implicating the latter mechanism. Ad-
ditionally, arsenic sequestration is not observed in goethite-
coated sand columns having comparable Fe(I) concentra-
tions (data not shown), where minimal Fe(III) biotransfor-
mation results. Thus, enhanced As(II) retention appears
dependent on remineralization of iron phases, consistent
with the recent observation that As associates with magnetite
and other authogenic iron phases during iron reduction (28).

Environmental Implications. Arsenic elution in both
abiotic and biotic columns indicates that As(II) is more
mobile than As(V) under the flow conditions of this study.
Additionally, reduction of Fe(IlI) suppressed As elution (i.e.,
enhanced retention), a result of enhanced sequestration
during Fe(I)-induced transformation of ferrihydrite. Reduc-
tive dissolution of ferrihydrite, under the conditions of our
study, did not contribute (and instead removed) As to the
aqueous phase relative to abiotic systems.

The ratio of As to Fe (hydr)oxide present in contaminated
soils and sediments is often low enough that near complete
dissolution of Fe-bearing phases would be required to
eliminate Fe-bearing minerals as sorbents of As. However,
secondary Fe minerals formed during biotransformation
could act as sorbents of As under reducing conditions. Thus,
the capacity of many soil and aquifer minerals to sequester
As through adsorption on or incorporation into secondary
solid phases must be assessed in order to fully understand
the partitioning of As between the aqueous and solid phase.
Furthermore, and potentially most importantly, the relative
binding strength (and extent of binding) of As(III) and As(V)
to solids must be examined, particularly their rate of response
to changes in dissolved concentrations (i.e., propensity for
desorption). The kinetics of As(IIl) desorption from ferri-
hydrite, for example, appear to be more rapid than As(V)
under dynamic flow at proportional surface coverage (relative
to their respective adsorption maxima). If this is true for
most subsurface minerals, As reduction may be the dominant
mechanism controlling As mobilization under reducing
conditions. Iron(II), often observed to increase with increased
concentrations of As under anaerobic conditions, may
indicate a corollary rather than causal relationship between
iron (hydr)oxide reduction and As desorption. Transforma-
tion of Fe(IIl) minerals such as ferrihydrite can, in fact,
decrease the extent of arsenic desorption rather than promote
it.
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